H. D. SLADE AND C. H. WERKMAN
In 1939 Brewer and Werkman reported on the anaerobic dissimilation of citric acid by Aerobacter indologenes. The fermentation obtained was similar to that announced by Deffner, except that a small amount of lactic acid and of 2,3-butylene glycol, and a trace of acetylmethylcarbinol were also found. Evidence was presented to support the role of oxaloacetic acid as an intermediate. A quantitative scheme of dissimilation accounting for the final products, was proposed. Deffner and Franke (1939) Thompson (1912) , Grey (1924) and Bruce (1934) .
S. paracitrovorus is unable to utilize citrate as sole source of carbon for growth; however, in the presence of readily fermentable carbohydrates, the acid is rapidly attacked. This fact was first reported by Knudsen and Sorensen (1929) and later by Hucker and Pederson (1932) . The stimulative effect of glucose on the dissimilation of citrate has been studied by Brewer and Werkman (1940) and Slade and Werkman (1940) . Thus, previous attempts made to study the mechanism of the dissimilation of citric acid have been complicated by the presence of additional carbon sources.
It has been found in this investigation, that cell suspensions of S. paracitrovorus, which were grown in the presence of citrate plus lactose, were able to ferment citric acid in the absence of carbohydrate. It is believed that the presence of citrate in the growth medium is responsible for the formation of the enzymes necessary for the fermentation of this acid.
Complete analyses of the fermentations of citric, oxaloacetic and pyruvic acids are presented. In addition, the rate of dissimilation and the effect of various cell poisons on the above compounds have been studied. Evidence is presented supporting the intermediary occurrence of oxaloacetic acid.
METHODS
The cell suspensions were prepared by growing the organism on a medium of 1 per cent sodium citrate, 0. The data indicate that the dissimilation of citrate closely approxmates that reported by Brewer and Werkman (1939) and Deffner and Franke (1939) for the genus Aerobacter.
The following points are to be noted. Comparison of the products from citrate with those from oxaloacetate reveals that the former is the source of practically 100 m. Mention should also be made of the formation of succinic acid. Its low yield from pyruvate (4.1 m.Mol.) denotes that the major portion of the succinate is not formed by a synthesis from a 3-C atom compound. Moreover, the data support its formation by direct reduction of oxaloacetate.
Thus, under these conditions, it appears that cell suspensions of S. paracitrovorus split the citrate molecule into a 4-C atom compound, probably oxaloacetic acid, and acetic acid, the latter being a final product. A scheme of fermentation which agrees well with the data is as follows (Brewer et al., 1939) The pyruvic acid dissimilation is not completely satisfactory. It is apparent, however, that the molecule is undergoing the postulated hydrolysis to formic and acetic acids because of the balance between the 1-C and 2-C compounds. It further illustrates the important difference between the mode of formation of succinic acid in the case of 3-C and 4-C substrates.
Several attempts were made to isolate oxaloacetic acid but insufficient breakdown of citrate was obtained in the presence of the fixatives.
Manometric experiments on the rate of dissimilation of citric, oxaloacetic, and pyruvic acids are shown in figure 1. It appears that the slowest step in the dissimilation of the citrate molecule is the initial cleavage to acetic and oxaloacetic acids. Of the four acids, aconitic, tricarballylic, itaconic and citraconic, only the first is fermented by cell suspensions of S. paracitrovorus. If this enzyme system contains aconitase, it would be possible for aconitic acid to be hydrated to citric acid preliminary to fermentation. The failure of the other three acids previously mentioned to be fermented, proves that the reduction of the hydroxyl group of citric acid with subsequent decarboxylation of the resulting tricarballylic acid, is not a part of citrate dissimilation by this organism.
With respect to an apparent discrepancy involving total evolu-tion of gas from oxaloacetate and from citrate in figure 1 and in (1) a synthesis involving CO followed by delayed breakdown or (2) accumulation of formic acid. The action of cell poisons on this system has also been investigated. Table 2 gives the concentrations of inhibitors necessary to prevent the evolution of gas as measured in Warburg manometers. Arsenite, which has been established by Krebs (1933) Although the dissimilations of both glucose and citrate are poisoned by azide, it has been previously shown (Slade and Werkman, 1940 ) that in the presence of a combination of the two, azide has no effect and the fermentation, as measured by gas evolution, proceeds in a manner similar to the control. Sodium fluoride is more effective as an inhibitor of glucose-citrate fermentation than as an inhibitor of citrate breakdown. Iodoacetate is effective in both cases. The oxidative removal of carbohydrates in certain animal tissues has been explained in part by the "citric acid cycle" of Krebs and Johnson (1937) . This cycle requires the participation of the isocitric dehydrogenase. Pyrophosphate (0.01 M) has been found to inhibit this enzyme (Adler et al., 1939) . No such inhibitory effect has been noted in the present system. In addition, the current reactions are anaerobic. Thus, it is believed that citrate is not fermented according to this "cycle."
Although the experiments reported here are not strictly comparable to conditions under which S. paracitrovorus is normally found, it is believed that citric acid is fermented by growing cells with the participation of the intermediates, oxaloacetic and pyruvic acids.
The absence of the 4-C compounds (acetylmethylcarbinol, 2,3-butylene glycol) in this system is not readily apparent; an acid pH may be necessary for their formation (van Beynum and Pette, 1939) . Silverman and Werkman (1940) have found that an acid reaction is essential for the formation of acetylmethylcarbinol from pyruvate by a cell-free extract of Aerobacter. Carbohydrate may also have a favorable influence.
Acetone-dicarboxylic acid as an intermediate in the bacterial utilization of citrate has been postulated by Brown et al. (1924) and isolated by Butterworth and Walker (1929) . Deffner et al. (1939) were unable to confirm the results of the latter workers. In view of the fact that the dissimilation reported here is similar to that of Aerobacter, and that products reported by other workers can be explained on the basis of the present scheme, it is possible that the fermentation of citric acid by bacteria in general proceeds through oxaloacetic acid.
SUMMARY
Inasmuch as Streptococcus paracitrovorus requires a complementary source of carbon for the utilization of citric acid for growth, previous studies on the dissimilation of this acid by growing cells have been confused by the presence of carbohydrate. It has been found that, cells grown in the presence of citrate plus lactose, when suspended in a nitrogen-free medium, were able to ferment citrate, oxaloacetate, and pyruvate. A scheme of dissimilation is presented.
Evidence indicates that the dissimilation of citric acid proceeds through oxaloacetic and pyruvic acids as intermediates. The rate of fermentation of citrate, oxaloacetate, and pyruvate has been studied manometrically. The initial cleavage of citrate to oxaloacetic and acetic acids appears to be the limiting step in the dissimilation.
The compounds, sodium azide, sodium arsenite, and iodoacetate effectively inhibit the fermentation of citric, oxaloacetic and pyruvic acids. Sodium fluoride produces a slight inhibition. Sodium pyrophosphate has no effect.
